A hybrid system has been developed for biological nitrogen removal through nitrification-denitrification. The system includes an aerobic tank and an anoxic tank with an intermediate sludge settler connected to a membrane bioreactor (MBR) with a submerged 0.4 mm hollow-fiber membrane module. The laboratory system has a total working volume of 6.5 L treating a glucose-based synthetic wastewater. The experimental results demonstrate that the new process is highly effective for simultaneous organic and nitrogen removal. During the stationary operation, a sludge SS (suspended solids) concentration of 6 g/L or higher can be maintained in the reactors. The system has a COD (chemical oxygen demand) loading rate of up to 2,100 mg/L-d and a total nitrogen loading rate of up to 170 mg N/L-d. More than 95% COD can be degraded, and the total nitrogen removal efficiency can be 90% or higher as the nitrogen is reduced from 100 to around 7.5 mg/L. A high quality effluent is produced with a SS of less than 1 mg/L. With the MBR, organic degradation, nitrogen removal and sludge-liquid separation can be well achieved within a short HRT of about 10 hr.
INTRODUCTION
Nitrogen removal is one of the main objectives in modern municipal wastewater treatment. Currently, biological nitrification and denitrification with activated sludge (AS)
is the most widely applied treatment process for nitrogen removal (Mulder 2003) . Membrane bioreactor (MBR) is an emerging treatment technology that utilizes membrane filtration for sludge-effluent separation (Fan et al. 2000; Judd & Jefferson 2003; Chu & Li 2005) . Compared to the conventional AS process, an MBR system features advantages such as a small footprint, high quality effluent and a low sludge production ratio (Visvanathan et al. 2000; Le-Clech et al. 2006; Wang & Li 2008) . However, it is difficult to achieve a high nitrogen removal within the conventional submerged MBR, owing to its configuration and aerobic condition that counteracts biological denitrification.
Effort has been made to use MBR in different forms for effective nitrogen removal. BIOSEP plant was developed to have organic degradation, nitrification, denitrification and filtration in one tank in which intermittent aeration provides both aerobic and anoxic phases (Yeom et al. 1999 ). Jun et al. (2003) proposed a hybrid system that consists of suspended porous carriers and membrane for removal of nitrogen together with carbonaceous substances. An aerated MBR has been be incorporated with a separated anoxic tank to form a continuous-flow treatment process for nitrification and denitrification (Kraume et al. 2005) . However, the system requests a high C/N ratio in wastewater influent for sufficient nitrogen removal. In the present study, a hybrid system was experimented that combines a biological AS nitrogen removal process and an intermediate settler with an MBR. The new system has doi: 10.2166/wst.2010.886 the potential to overcome the limitations of conventional MBR for simultaneous removal of nitrogenous and carbonaceous pollutants from wastewater. The feed influent consisted of 90% glucose-based synthetic wastewater and 10% actual domestic sewage.
MATERIALS AND METHODS

MBR treatment system
The synthetic wastewater for the study in stage 2 was prepared in accordance with the basic recipe given by AEESP (2001) ( Table 1 ). In stage 1, the chemical concentrations were 1.5 times of the values in Table 1 . The raw domestic sewage was collected from a municipal wastewater treatment plant in Hong Kong. NaHCO 3 was dosed to maintain the pH between 6.5 and 8.0.
Experimental operation
The MBR filtration was operated by a suction pump intermittently, 8 min suction and 2 min relaxation.
The constant filtration flux mode was adopted, while the The TMP increased gradually with time from an initial value of about 5 mm Hg to around 600 mm. The fouled membrane was then washed thoroughly with running tap water to restore its filterability. Such physical cleaning was conducted every 3 to 5 days. The treatment performance was evaluated in terms of the removals of the total organic carbon (TOC), ammonia nitrogen ðNH þ 4 -NÞ and total nitrogen (TN).
Analytical methods
The TOC concentration was determined by a TOC analyzer (TOC-5000A, Shimadzu) using the combustion-infrared method. Ammonia nitrogen ðNH þ 4 -NÞ was analyzed by the electrochemical method using an ammonia electrode and a potentionmeter (920A, ORION). Nitrate ðNO 2 3 -NÞ was analyzed by an UV/VIS spectrophotometer (Lambda 25, Perkin Elmer). Other water and sludge parameters, including the 5-day biological oxygen demand (BOD), chemical oxygen demand (COD), suspended solids (SS) and mixed liquor suspended solids (MLSS) were measured following the Standard Methods (1998).
RESULTS AND DISCUSSION
Nitrogen removal
In the initial start-up stage, the MBR tank was not added, and the system was operated as a post-denitrification process. The performance of the system in TN and TOC removal improved gradually. By the end of the start-up period, the system at a HRT of about 20 hrs had a TN removal of more than 80% and a TOC removal of approximately 90%. However, the effluent contained a high solid content (SS . 30 mg/L) owing a small settler used. After about 80 days, the MBR was connected to the system. For stage 1 of around 100 days, the system was run at a HRT of 15.6 h with a total recirculation ratio of 8 £ Q.
In the following stage 2, the system had a shorter HRT of The results show that the efficiency of nitrogen removal depended mainly on the degree of denitrification in the anoxic tank and the rate of total recirculation. A lower recirculation ratio would result in a lower nitrogen removal efficiency. In comparison to the decrease of the recirculation ratio, a decrease in HRT showed a less degree of impact on the N-removal performance.
Different nitrogen concentrations in different forms, ammonia-N, nitrite-N and nitrate-N, in the three reaction zones of the system are shown in Figure 3 . Due to nitrification in the aeration tank and MBR, the aeration tank had the highest NO 2 3 -N concentration ranging from 6 to 12 mg/L. Denitrification took place in the anoxic zone, which reduced the NO 2 3 -N content. Feed of a half of the influent to the anoxic zone increased the NH þ 4 -N concentration, which was oxidized to NO 2 3 -N in the MBR. More importantly, the influent split provided easily biodegradable organic to the anoxic zone for effective denitrification. This allowed a high total nitrogen removal by the system under a relatively low C/N condition. 
Organic removal
More than 95% organic could be effectively degraded by the MBR treatment system (Figure 4) . The influent TOC varied from 280 to 420 mg/L and COD from 650 to 1,000 mg/L. Nonetheless, the effluent organic content could be kept at a low level with a TOC of around 5 mg/L. Different from the nitrogen removal performance, the effluent organic was not significantly affected by the variation in operational parameters, such as the influent concentration, HRT and recirculation ratio, suggesting the great capacity of the MBR system for biological organic degradation. The effluent after membrane filtration was of high quality with a SS of less than 1 mg/L.
Biomass concentrations in different bioreactors
Fluctuation in biomass concentration was observed for the different bioreactors ( Figure 5 ) in the MBR system. In general, the aerobic tank had the highest sludge concentration (4,400-7,000 mg/L), followed by the anoxic tank 
Membrane fouling
During the MBR operation, membrane fouling was observed as indicated by the TMP increase with time.
The fouling was caused mainly by the sludge layer coverage on the membrane surface (Chu & Li 2005 ; Le-Clech et al.
2006
; Wang & Li 2008) . Membrane cleaning with running water was conducted regularly once every 3 -5 days to remove the sludge cake layer from the membrane surface.
Chemical cleaning with NaClO was carried out once every 3 months to recover the membrane permeability. 
CONCLUSIONS
